69.9)], but declined by −0.54 mtDna 95 % CI (−0.63; −0.45) every year for those older than approximately 50 years of age. However, the longitudinal, yearly decline within an individual was more than twice as steep as observed in the cross-sectional analysis [decline of mtDna content: −1.27; 95 % CI (−1.71; −0.82)]. subjects with low mitochondrial Dna copy number had poorer outcomes in terms of cognitive performance, physical strength, selfrated health, and higher all-cause mortality than subjects with high mitochondrial Dna copy number, also when age was controlled for. the copy number mortality association can contribute to the smaller decline in a cross-sectional sample of the population compared to the individual, longitudinal decline. this study suggests that high mitochondrial Dna copy number in blood is associated with better health and survival among elderly.
Introduction
the mitochondria have multiple biological functions, but are primarily the center of energy resource in the cell, and nearly all adenosine triphosphate (atP) is produced in the mitochondria through oxidative phosphorylation (OXPHOs). the disadvantage of the OXPHOs process is that it is a major source of the toxic by-products reactive oxygen species (rOs). the mitochondrion contains a 16,569-base pair double-stranded circular Dna molecule that is more susceptible to oxidative damage than nuclear Dna due to lack of introns and protective histones, a limited Dna repair capacity and the close proximity to the electron transport chain (Bonner et al. 2009 ). the mitochondria genome encodes 37 genes: 22 trnas, 2 rrnas and 13 genes encoding subunits of the electron transport chain including atP synthase. each mitochondrion Abstract the role of the mitochondria in disease, general health and aging has drawn much attention over the years. several attempts have been made to describe how the numbers of mitochondria correlate with age, although with inconclusive results. In this study, the relative quantity of mitochondrial Dna compared to nuclear Dna, i.e. the mitochondrial Dna copy number, was measured by PCr technology and used as a proxy for the content of mitochondria copies. In 1,067 Danish twins and singletons (18-93 years of age), with the majority being elderly individuals, the estimated mean mitochondrial Dna copy number in peripheral blood cells was similar for those 18-48 years of age [mean relative mtDna content: 61.0; 95 % CI (52.1; contains 2-10 mitochondrial Dna copies, and hundreds or up to several thousands of copies of mitochondria are located in each cell (Hosgood et al. 2010 ). However, technical issues make it difficult to determine the exact mitochondrial Dna copy number in each mitochondrion, so these numbers may vary even more. the mitochondria are located in all cell types except in red blood cells (stier et al. 2013) , and the number varies both between individuals and between tissues from the same individual. there is evidence that mutations in nuclear genes, e.g. the POLG gene, that encodes one of two subunits in the Human Dna POlymerase Gamma complex, can cause mitochondrial Dna (mtDna) depletion, and that nuclear factors are involved in the regulation of mtDna content (Pohjoismaki et al. 2010) . Moreover, twin studies have indicated contributions from nuclear factors, as the mtDna content in white blood cells and in cells from buccal swaps is partially heritable (Curran et al. 2007; Xing et al. 2008; reiling et al. 2010) .
the mtDna copy number has been associated with various health outcomes. It has been suggested that high mtDna copy number in the blood is associated with higher cognition in elderly women (lee et al. 2010 ) and a lower level of depression (Kim et al. 2011) . It has additionally been suggested that mtDna copy number plays a role in type II diabetes (lee et al. 1998) , although others have failed to confirm this finding (reiling et al. 2010) . also, mtDna copy number has been suggested to be a contributing factor in various cancers, e.g. renal cell carcinoma (Xing et al. 2008) , and lung cancer (Hosgood et al. 2010; Bonner et al. 2009 ). the mtDna copy number may even provide a link between smoking and lung cancer as smoking increases oxidative stress (Xing et al. 2008 ) and enhances somatic mtDna mutations, thus potentially contributing damage to the mitochondrial function (tan et al. 2008) .
aging is related to increased oxidative stress as well as to various health sequelae. since the mitochondrion itself and the mitochondrial genome is exposed to damage from, e.g. reactive oxygen species, and since there is evidence to suggest that mtDna copy number may be a biomarker of various health outcomes, it can be speculated that the copy number of mtDna may be associated also with chronological age, but results are inconclusive. some studies have failed to find a significant correlation between age and mtDna content in blood cells (Miller et al. 2003; Frahm et al. 2005; Xing et al. 2008 ). However, both positive and negative associations have been found by others (Hosgood et al. 2010; Bai et al. 2004; Bonner et al. 2009 ), and even a biphasic association has been suggested (liu et al. 2003) . Furthermore, also gender differences have been observed. In a large study including approximately 1,000 subjects, copy numbers of mtDna pooled from measures in buccal swaps or blood cells showed a significant reduction with age, but only among males (reiling et al. 2010) . the discrepancy between studies may in part be explained by limited sample sizes and the inclusion of only few elderly participants, and also by the possibility that associations may be distinct between the types of biological material that are investigated. In addition, differences in techniques used to determine mtDna copy number, and the recovery efficiency of mtDna during the Dna extraction process, could add to the varying correlations with age. Finally, the observed association with age at the group level may be different from the individual changes with increasing age due to, e.g. selection of participants, selection by mortality or varying environmental conditions throughout the lifespan in between cohorts.
the aim of the present study was to examine whether mtDna copy number serves as a biomarker of aging, mortality and health. We examined the association between mtDna copy number in the peripheral blood and age in a Danish study population including both twins and oldest old singletons (age 18-93 years) using a cross-sectional design. In a subset of twins older than 73 years, individual decline was estimated in a longitudinal analysis after 10 years of follow-up. also, we investigated the differences in mtDna copy number between sex and twin zygosity. Finally, we investigated the association between mtDna copy number and a number of health parameters.
Results
age-related decline of mtDna copy number mtDna copy number was measured in blood cells from 1,067 subjects aged 18-93 years. the participants were recruited from the following Danish cohort surveys: the GeMInaKar cohort, the MaDt cohort, the lsaDt cohort, and the 1905 birth cohort. all cohorts except the 1905 birth cohort included twins. a tendency of lower mtDna copy number with advancing age was observed (table 1) . as illustrated in Fig. 1 , a quadratic-fitted model and the best linear spline model fitted the decline in mtDna copy number with advancing age better than did a linear model. the optimal knot in the linear spline model was obtained at 48 years of age. the average mtDna copy number was 61.0 [95 % CI (52.1; 69.9)] at age 18 years with no decline with age before the age of 48 years [β −0.01; 95 % CI (−0.21; 0.23)]. However, from the age of 48, an age-related decline was observed [β −0.54; 95 % CI (−0.63; −0.45)], corresponding to 5.4 less mtDna copies every 10 years (table 2) .
Post-hoc analyses within the largest sub-sample, the lsaDt participants, showed a similar age-related decline [β: −0.61 95 % CI (−0.74; −0.48)] as that observed from the age of 48 for the entire study population. mtDna copy number by sex, zygosity and body mass index
We found no sex differences in mtDna copy number either in the crude or the age-adjusted analyses (table 2) .
Within the twin pairs, we observed that among dizygotic twins, the mtDna copy number was on average 6.05 [95 % CI (3.80; 8.30 )] higher than among monozygotic twins. However, the difference between dizygotic and monozygotic twins was considerably larger before the age of 48 years than after the age of 48 years ( longitudinal change in mtDna copy number to further examine the hypothesis of an intra-individual decline in mtDna copy number with age, samples drawn 10 years apart were analyzed in a longitudinal design for 108 of the lsaDt twins. results showed an average individual decline of −12.7 [95 % CI (−17.1; −8.2)] mtDna copy numbers in 10 years, which is approximately twice as steep a yearly decline as that observed from the cross-sectional data. For the twins with initial mtDna copy numbers higher than the mean, the 10-year decline in mtDna copy numbers was steeper than for those with intake mtDna copy numbers lower than the mean [difference in decline 24.9; 95 % CI (−17.4; 32. 3)]. We observed no difference in decline by sex [difference in decline 2.2; 95 % CI (−7.9; 12. 3)], zygosity [difference in decline 1.3; 95 % CI (−7.9; 10.5)] or age [difference in decline −6.2; 95 % CI (−15.2; 2.8)] (table 3) . mtDna copy number and health status since mtDna copy number was shown to decline with age, and age is related to various health outcomes, we evaluated the relationship between mtDna copy number . Both associations appear to be of similar intensity with increasing age from 58 to 93 years of age (table 4) . also, higher mtDna copy number was consistently associated with higher cognitive composite score and MMse, which seems to become more pronounced with increasing ages for both cognitive measures. the strongest association with cognition was thus observed for those older than 80 years, where an increase of 10 mtDna copies associated with a 0.35 [95 % CI (0.10; 0.60)] higher cognitive composite score (table 4) . a comparable result was found when analyzing the association between mtDna copy number and mortality. an increase of 10 mtDna copies was borderline associated with a 5 % lower risk of dying [Hr: 0.95, 95 % CI (0.90; 1.00)] for participants 58 years of age and older. However, stratification of mtDna content in quartiles revealed that those who had a high mtDna copy number (2nd-4th quartiles) had a 17 % lower risk of dying [Hr: 0.83, 95 % CI (0.71; 0.98)] compared to those in the 1st quartile.
Post-hoc analyses of the association within each of the cohorts in the lsaDt, the 1905 birth cohort study, and the MaDt study showed a similar direction of association between high mtDna copy number and better health, except for the activity of Daily living within the lsaDt cohort. However, the level of significance was, as would be expected, lower in the analyses within each cohort due to smaller samples sizes (data not shown).
since smoking has previously been correlated with an increase in mtDna, copy number analyses were subsequently adjusted for smoking as a potential confounder in the lsaDt sub-sample, but this only changed the observed associations marginally (data not shown).
Discussion
the current study firmly supports previous suggestions that mtDna copy number decreases with age in late life. However, we extend these findings by demonstrating that Table 3 Mean 10-year differences in mtDna copy number by sex, zygosity, age and intake mtDna content. the latter was defined in strata above or below the baseline mean (49 mtDna copy number) the decrease in mtDna copy number seems to initiate in middle age, approximately at age 50. the observed decline indicates a half-life of the mtDna copy number of approximately 60 years at the population level. In consistency with our cross-sectional data, our longitudinal data also demonstrate that mtDna copy number declines at the individual level, as assessed in blood samples drawn 10 years apart from the same participants. to our knowledge, this is the first time a longitudinal change in mtDna copy number has been reported in blood cells among healthy humans.
the half-life of the mtDna copy number was approximately 26 years, thus illustrating a more than doubling of the longitudinal decline compared to the decline estimated cross-sectionally. another key finding, among the large group of elderly (58 + years of age), was the consistent direction of association between low mtDna copy number and higher mortality, poorer condition in terms of self-rated health, cognitive as well as physical performance (table 4) .
the onset of decrease in mtDna copy number found in this study, and the magnitude of the decline, may in part explain why it has been difficult to find consistency between mtDna copy number and age in previous crosssectional studies, as most of these studies include mainly younger subjects (Miller et al. 2003; Frahm et al. 2005; Xing et al. 2008; Hosgood et al. 2010; Bai et al. 2004; Bonner et al. 2009; liu et al. 2003; reiling et al. 2010 ). In accordance with our results, mtDna copy number was recently reported to be lower in parents than in their children (Chu et al. 2012 ). In addition, an age-related decline in mtDna copy number has also been observed in the human pancreatic islet among pancreatic islet donors (Cree et al. 2008 ) and in human muscle tissue from muscle biopsy donors (short et al. 2005; Welle et al. 2003) , as well as in liver and muscle cells from rats and several tissues from a short-lived fish (Barazzoni et al. 2000; Hartmann et al. 2011 ). thus, the general age-related decline in mtDna copy number in the later part of the life span is probably not unique for human blood cells, suggesting that a uniform mtDna copy number decline with age may take place across tissues and even species in the late life. the demonstrated association of low mtDna copy number with poorer health is also in line with previous studies (lee et al. 1998 Kim et al. 2011; reiling et al. 2010; Xing et al. 2008; Bonner et al. 2009; Hosgood et al. 2010) . Of particular interest, low mtDna copy number has been associated with low cognitive function in populations of asian descent (lee et al. 2010; Kim et al. 2011) , and thus our finding of similar tendencies in a population of european descent shows a novel, consistent direction of association across two different populations. the implication of mtDna copy number as a biomarker of general health is supported by the high consistency across all general health parameters investigated, except for activity of daily living (aDl). the reason for this could be that aDl is also more dependent on the environment (e.g. housing conditions and aids). Using a longitudinal design, we also present the novel and supportive observation that low mtDna copy number in the general population is associated with increased mortality. this observation can, at least partly, explain the larger longitudinal decline in mtDna copy number with age compared with that estimated in the widely used cross-sectional design. thus, the latter study design includes individuals surviving to the older ages and who are also more likely to have a higher mtDna copy number compared with individuals born within the same year, but who had died.We have previously in a longitudinal study of nonagenarians demonstrated similar patterns with steeper decline in functioning for individuals than for the overall population (Christensen et al. 2008 ). the precise mechanisms that regulate mtDna copy number are unclear. since associations were observed uniquely between low mtDna copy number and poor health, we speculate whether low mtDna copy number among the elderly could indicate a low atP production and mitochondria gene-expression (short et al. 2005; Welle et al. 2003) or a shortage of oxidative stress-response (liu et al. 2003 ). a combination is, however, likely since the mtDna copy number shows a steeper decline with age than do mitochondria atP production and mitochondria gene-expression (short et al. 2005; Welle et al. 2003) . such disturbances in the cellular homeostasis may even enhance tumor genesis and apoptotic resistance (venegas et al. 2011 ). the precise biological mechanisms could to some extent be deduced by the estimated number of mtDna copies relative to the mitochondrial mass (navarro-sastre et al. 2012) .
the main strength of the study is our large collection of samples from the elderly and oldest old, which enabled detection of the decline with age. also, the inclusion of longitudinal data and multiple health parameters provided novel insight into how mtDna copy number could be considered a biomarker associated with health. a weakness of the study is that by including samples mainly from the elderly the estimated onset of decline at 50 years of age is only approximated. Particularly, since we did not include children and young teenagers, our data could not be extrapolated to reflect mtDna copy number changes (or lack of changes) in the early phase of life, which is particularly relevant for patients with rare mitochondria disorders. It is also worth noting, that the cohort study participants retrieved for this sub-study naturally included individuals who did not only agree to donate blood but also to participate in the interview, and these participants were slightly better functioning than the cohort members in general. as an example, the cognitive performance was found to be superior among participants donating blood samples compared to the entire group of interviewed participants (Mengel-From et al. 2011) . However, in the potential situation that mtDna copy number is likewise slightly higher among blood contributors, the associations between mtDna copy numbers and, e.g. cognitive composite score would in fact be under estimated. thus, we believe our findings would be even more explicit in the entire study population.
It is possible that our observation of mtDna copy number decline with age, and the potential role of mtDna copy number as a biomarker of general health could be subject to confounding effects that vary among cohorts, e.g. environmental exposures, such as the varying trends regarding smoking or alcohol consumption over the years. However, adjusting for smoking was of minor importance, at least among the lsaDt participants. also overweight was found to be positively associated with mtDna copy number. However, this apparent association should be interpreted with caution, since BMI was mostly self-reported and thus highly likely to be underestimated.
as our study sample consisted primarily of twins, we found a difference in mtDna copy number between MZ and DZ twins. since this is the first time such findings have been reported, we went through the technical issues and examined the literature for biological reasons that could clarify this phenomenon, but no obvious explanations have come to light. However, due to this observed difference in mtDna copy number between monozygotic and dizygotic twins, the decline in mtDna copy number seen in this study may be slightly distinct from that of the general Danish population, although general health and survival after infancy are similar in twins and singletons (Christensen and McGue 2012) .
In conclusion, our results emphasize the relevance of considering mtDna copy number of blood cells or other tissues in future studies, as it may be a key component that links mitochondrial biology to environmental exposures as well as to various diseases and health issues in late life. the mtDna copy number is already being used as a clinical biomarker of disease development or a possible mean of diagnosis for patients with, e.g. mitochondrial Dna depletion syndrome. In addition to this, our findings suggest that mtDna copy number may serve as a biomarker for general health in combination with other markers of health and disease among the elderly. such a biomarker could be useful as an endophenotype of mitochondrial biology in aging and age-related morbidity.
Materials and methods
surveys the study population includes subjects from four population-based nationwide surveys conducted at the University of southern Denmark: the GeMInaKar (the importance of genes, familiar and common environment for the development of insulin resistance, abdominal adiposity and cardiovascular risk factors) twin study, the study of Middle aged Danish twins (MaDt), the longitudinal study of aging Danish twins (lsaDt), and the Danish 1905 birth cohort study.
the GeMInaKar study is a longitudinal study of healthy Danish twins between 18 and 67 years of age at study baseline in 1997-2000 (schousboe et al. 2003) . the study focuses on genetic and environmental risk factors for developing insulin resistance, diabetes, obesity and cardiovascular risk factors and disease. the twins were recruited from the national, population-based Danish twin registry and were initially free of diabetes mellitus, cardiovascular disease or conditions that might limit participation in the clinical examination. Only complete twin pairs were included in the study. seven-hundred and fifty-six complete twin pairs participated. From this cohort, a sample of 176 twins, 18-57 years of age, was randomly chosen and included in the present study.
the MaDt study is a longitudinal study of twins who were 46-67 years of age when the study was initiated in 1998 (Gaist et al. 2000) . a total of 40 monozygotic twin pairs, 40 dizygotic twin pairs and 40 twin pairs of opposite sex for each birth year between 1931 and 1952 were included in the cohort. the participants were re-visited from 2008 to 2011 and blood was donated during the re-assessment 10-14 years later (skytthe et al. 2013) . samples of acceptable Dna quality from 58 twins, 58-72 years of age, were included in the present study after the re-visit in 2008. In the study, the 2008-2011 assessment was considered baseline.
the lsaDt study is a longitudinal study of Danish twins aged 70 years and older skytthe et al. 2002) . the study was initiated in 1995, and the survey was repeated in 1997, 1999, 2001, 2003, 2005, and 2007 . In 1997, mainly twin pairs of the same sex were included in the study; also, both twins were to be alive and born before January 1924. Participants were thus between 73 and 95 year of age. Full blood samples were drawn in 1997 from 689 members of intact twin pairs and again in 2007 from the surviving 120 intact twin pairs. the assessment in 1997 was considered baseline.
the Danish 1905 birth cohort study is a prospective investigation of an entire birth cohort (nybo et al. 2003) . the survey was initiated in 1998, when the participants were 92-93 years old, and comprises follow-up studies in 2000, 2003 and 2005 . a total of 181 participants provided full blood samples in 1998 and were included in the current study.
all four studies were approved by the relevant Danish scientific-ethical Committees, as well as by the Danish Data Protection Board.
Dna extraction
Dna was extracted from total blood cells in peripheral full blood samples packed by centrifugation at 1,000g for 15 min followed by withdrawal of the plasma phase. the Dna was extracted by a standard manual salting-out protocol including a protease digestion step (Das et al. 1988) . For samples from the 58 MaDt, Dna was extracted using a virtually identical salting-out purification protocol adapted to an autopure instrument (Qiagen). a comparable mtDna copy number was observed for both purification procedures. a total of 142 samples were dropped as they had an extremely low average mitochondria Dna yield, probably reflecting poor Dna extraction quality.
Quantification of mitochondrial Dna copy number variations an assay based on real-time polymerase chain reaction (qPCr) and sYBr ® Green technology was used for measuring the amount of mitochondrial Dna relative to the nuclear Dna using two independent PCrs. a 153-bp target PCr product covering the mitochondrially encoded NADH dehydrogenase 1(MT-ND1) gene was generated using the forward primer sequence 5′-aaCataCCCatGGCCaaCCt-3′ and the reverse primer sequence 5′-aGCGaaGGGttGtaGtaGCCC-3′. a reference 268-bp PCr product covering the nuclear hemoglobin beta (HBB) gene was generated using the forward primer sequence 5′-GaaGaGCCaaGGaCaGGtaC-3′ and the reverse primer sequence 5′-CaaCttCatCCaCGttCaCC-3′. all primer designs were originally published by liu et al. (2003) and were applied in the later study (lee et al. 2010) . the assay was adapted to a high-throughput 96-plate format using a stepOne instrument and sYBr ® Green technology (applied Biosystems). the reactions were performed in a total volume of 10 µl including 1× Fast sYBr ® GreenMaster Mix, 5 µM of each of the primers and 2 ng of Dna. the amplification was preheated at 95 °C at 30 s followed by a 40-cycle program of 0.3 s at 95 °C, 15 s at 58 °C and 30 s at 72 °C. the assay was calibrated using a serial dilution of 10, 5, 2.5, 1.25 and 0.625 ng Dna and a straight linear correlation was observed with an R 2 of 0.996 and was used to set the threshold cycle number (Ct) of both the nuclear and the mitochondrial genes. each Dna sample was assayed in triplicates using either the MT-ND1 primers or HBB primers in parallel reactions. For each 96-plate, a Dna control sample from the same individual and a 'no template control' were added in triplicates. samples from 176 out of 181 participants from the GeMInaKar study, 58 out of 200 participants (for 142 samples, the mDna yield was too poor) from the MaDt study, 671 out of 689 participants from the lsaDt study, and 162 out of 181 participants from the 1905 birth cohort study, and 108 samples out of 120 from the lsaDt longitudinal study met our quality criteria after we had removed samples with low or no amplification (Ct > 31) in any of the six amplifications. the six amplifications were made up by three real-time PCr amplifications of each sample with the primer sets for MT-ND1 gene and HBB gene amplification,
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respectively. the median of the values were used to reduce variance from outliers.
BMI
Body mass index (kg/m 2 ) was calculated using selfreported data on height and weight from all participants except for the participants in the GeMInaKar study who were measured and weighted by a nurse. For participants in the 1905 birth cohort, approximately half of the persons did not answer the questions themselves; an estimate was then made by the interviewer or reported by the proxy. Participants were categorized into three groups according to their BMI (underweight <18.5 kg/m 2 ; normal weight 18.5-24.9 kg/m 2 ; overweight ≥25 kg/m 2 ) (Herskind et al. 1996; nybo et al. 2003) .
smoking
In lsaDt, smoking status was self-reported as nonsmoker, current smoker or former smoker.
Cognitive functions
Cognitive functioning was assessed using the Mini Mental state examination (MMse) and a 5-component cognitive composite score in the lsaDt cohort and the Danish 1905 birth cohort participants at baseline (McGue and Christensen 2001) . However, MaDt participants were assessed by the cognitive composite score and not MMse at baseline. the widely used MMse ranges from 0 to 30 and can be graded as severely impaired for scores between 0 and 17, mildly impaired for scores between 18 and 23, and non-impaired for scores between 24 and 30. the fivecomponent cognitive composite measures were originally selected to represent tasks that are sensitive to normative age changes, which can be reliably and briefly assessed by lay interviewers. the specific tasks included a fluency task, which involved the number of animals an individual could name in a 1-min interval, forward and backward digit span, and immediate and delayed recall of a 12-item list. the cognitive composite score was computed by taking the sum of the five standardized measures, separately from each cohort (using mean and sD from the initial MaDt assessment in 1998). this score has shown its validity in numerous studies .
Grip strength
Grip strength was assessed according to standardized procedures as previously described (Frederiksen et al. 2002) using a smedley dynamometer (ttM, tokyo, Japan) in the lsaDt cohort in 1999 and the Danish 1905 birth cohort and MaDt cohort participants at baseline. to measure maximal strength, the width of the handle was adjusted to fit the hand size with the second phalanx resting against the inner stirrup. the elbow was to be held at 90° and the upper arm to be tight against the trunk in a series of three measurements, with brief pauses between each; the maximum value was used as the estimate. Furthermore, the maximum value of three measurements was identified with each hand. Grip strength discriminates functioning in all adult age groups, predicts incident disability, and is highly correlated with muscular power in other muscular groups. It is easily and reliably measured and correlates with function in activities of daily living and survival among the oldest old (Christensen et al. , 2009 ).
self-rated health
Participants from the MaDt, the lsaDt cohort, and the Danish 1905 birth cohort were at baseline presented with a list of 31 ailments and diseases and asked whether a physician had ever told them that they suffered from any of them. the number of present diseases was divided into three groups (0, 1-2, and ≥3). Major diseases such as cardiovascular disease (CvD), respiratory diseases, cancer, and diabetes mellitus were studied separately. Furthermore, subjective health was assessed using the question: "How do you consider your health in general?" with five response categories (excellent, good, acceptable, poor, and very poor) (nybo et al. 2003) .
activity of daily living
Physical performance was assessed in the MaDt, the lsaDt cohort, and the Danish 1905 birth cohort participants using self-reported measures as part of the homebased 2-h interview at baseline. the 11-item measurement contains questions from relatively simple physical tasks to more demanding activities: (1) walking around in the house, (2) walking up and down the stairs, (3) walking up the stairs to the second floor, (4) getting outdoors, (5) walking 400 m without resting, (6) doing any kind of light exercise, (7) doing any kind of hard exercise, (8) outdoor walking in fine weather, (9) outdoor walking in bad weather, (10) running 100 m and (11) carrying 5 kg. at first all items were rated on a scale of 1-4 where 1 = cannot do, 2 = can do with aid or major difficulties, 3 = can do with fatigue or minor difficulties, and 4 = can do without fatigue. then, the scale score (aDl strength score 1997) was calculated using a scale of 1-4, with higher scale scores indicating the higher levels of physical performance. the calculations of the scores had previously been described in details . this scale showed high internal consistency and stability and has been shown to provide a sensitive quantitative measure of physical ability in other studies of elderly Danes (tiainen et al. 2012 ).
Mortality analysis vital status was obtained by linkage with the Danish central registries via the unique identification number assigned at birth to all Danish citizens (Pedersen et al. 2006) . the observation time for each participant from the MaDt cohort, the lsaDt cohort and Danish 1905 birth cohort was the period from enrollment into the cohort until death or December 31, 2012, whichever came first. there was no loss to follow-up as none of the participants emigrated.
technical variation of real-time PCr
In addition to triplicate measures of all samples, a subset of 30 samples were analysed twice on 2 different days and with more than a month between the two analyses. the interplate variation of the mean from the HBB gene was comparable on the first (sD 0.07 Ct) and the second day (sD 0.09 Ct). likewise, for the MT-ND1 gene the interplate variations were comparable on the first (sD 0.06 Ct) and second day (sD 0.10 Ct). similar results were observed with only a mean difference of 0.02 Ct (sD 0.12) and the differences between the 30 samples indicated an acceptable technical variation with the mean of 5.56 Ct (sD 0.40). each plate included a positive control sample, which was also analysed in triplicates, and after repeated analyses of the same positive control sample 36 times, the mean was 3.81 Ct (sD 0.29). Both tests showed acceptable technical variation with a coefficient of variance of 1 and 9 %, respectively. a subset of ten samples was extracted on 2 different days and assayed on the same real-time PCr plate. the coefficient of variance for these technical replications was estimated at 4 %, thus indicating that only a minor part of the variation is due to the Dna extraction method. Calculations were done prior to the transformation to the power of two of the mtDna copy number. statistical analyses the mtDna copy number was calculated as the relative number of mtDna to the nucleus Dna by the formula 2 (CtHBBmedian -CtMT-ND1 median) as described elsewhere (lee et al. 2010) except we did not conduct log transformation, thus we measured the n-fold difference in relation to a nuclear diploid gene. the cross-sectional age-related mtDna copy number decline trend was evaluated by a quadratic function, which had a better fit than a linear function since the quadratic term reached the 5 % level of significance. Due to a simpler interpretation, a linear spline model was performed with one knot, which assumes a linear association between mtDna copy number and age with different slopes before and after the knot. the best knot in the spline model was evaluated using the R 2 value and this spline model had a R 2 value better than that of the quadratic model. the best fitted linear spline model was used to evaluate the associations between mtDna copy number and age, sex, zygosity and BMI. Post-hoc analysis was done subsequently using a knot at 73 years of age to compare the longitudinal change in the mtDna copy number with that of the cross-sectional age. the individual change in mtDna copy number of the 108 twins who donated blood twice with 10 years of follow-up was estimated using 95 % CI from a paired student's t test. also, the 10-year differences were evaluated stratified by sex, zygosity, ages in two halves with equal number of participants (73-74 vs. 75-84 years of age at intake) and mtDna copy number in two halves (49 mtDna copy number or higher vs. <49 mtDna copy number) at intake in 1997. linear regression analysis was performed on continuous health outcomes and adjusted for age and sex in a combined analysis of the cohorts. Cox's proportional hazards models were performed to study the association between mortality and mtDna copy number, which was categorized into quartiles and as a continuous variable. since the mortality was similar in the second, third and fourth quartile, we also analyzed the association between mortality and mtDna copynumber divided into the first quartile versus the second, third and fourth quartiles. all Cox models were adjusted for gender and age by allowing age to be the underlying timescale and risk was assessed from the age at blood sampling to age at death or end of follow-up on December 31, 2012, whichever came first.
as the data partly pertain to twin pairs, and because observation within twin pairs might be correlated, the Cox's proportional hazards models were performed using the robust estimator of variance, assuming independence between pairs. the proportional hazard assumption underlying the Cox models was tested using the schoenfeld residual test and fulfilled the requirements for the Cox model.
an adjustment for a potential plate effect did not have significant influence on the results and was therefore not included in any of the final analyses. Post-hoc adjustment for smoking was done using smoking as a categorical covariate. the statistical calculations were performed using stata 11.2 (stataCorp).
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